Objective: The epilepsy-aphasia spectrum (EAS) is a heterogeneous group of agedependent childhood disorders characterized by sleep-activated discharges associated with infrequent seizures and language, cognitive, and behavioral deficits. Defects in the GRIN2A gene, encoding a subunit of glutamate-gated N-methyl-D-aspartate (NMDA) receptors, represent the most important cause of EAS identified so far. Neocortical or thalamic lesions were detected in a subset of severe EAS disorders, and more subtle anomalies were reported in patients with so-called "benign" phenotypes. However, whether brain structural alterations exist in the context of GRIN2A defects is unknown. Methods: Magnetic resonance diffusion tensor imaging (MR-DTI) was used to perform longitudinal analysis of the brain at 3 developmental timepoints in living mice genetically knocked out (KO) for Grin2a. In addition, electroencephalography (EEG) was recorded using multisite extracellular electrodes to characterize the neocortical activity in vivo. Results: Microstructural alterations were detected in the neocortex, the corpus callosum, the hippocampus, and the thalamus of Grin2a KO mice. Most MR-DTI alterations were detected at a specific developmental stage when mice were aged 30 days, but not at earlier (15 days) or later (2 months) ages. EEG analysis detected epileptiform discharges in Grin2a KO mice in the third postnatal week. Significance: Grin2a KO mice replicated several anomalies found in patients with EAS disorders. Transient structural alterations detected by MR-DTI recalled the agedependent course of EAS disorders, which in humans start during childhood and show variable outcome at the onset of adolescence. Together with the epileptiform discharges detected in young Grin2a KO mice, our data suggested the existence of early anomalies in the maturation of the neocortical and thalamocortical systems. Whereas the possible relationship of those anomalies with sleep warrants further investigations, our data suggest that Grin2a KO mice may serve as an animal model to study the neuronal mechanisms of EAS disorders and to design new therapeutic strategies.
| INTRODUCTION
The epilepsy-aphasia spectrum (EAS) represents a group of heterogeneous disorders characterized by the onset during childhood, after a period of apparently normal development, of paroxysmal electroencephalographic discharges activated in sleep, associated with infrequent epileptic seizures and with speech, language, neuropsychological, and behavioral deficits that may persist in adulthood. At the more benign end of the spectrum, epilepsy with centrotemporal spikes, also known as rolandic epilepsy, is the most common focal epilepsy syndrome in childhood. Two closely related epileptic encephalopathies known as the Landau-Kleffner syndrome (LKS) and the continuous spike and wave during slow sleep syndrome (CSWSS), respectively, are situated at the more severe end of the spectrum. 1 In those epileptic encephalopathies, disease evolution and response to treatment are almost entirely unpredictable and slowing of cognitive function and evolution of severe behavioral disorders might be more distressing to families than the epilepsy. In recent years, defects and variations in the GRIN2A gene, which encodes the GluN2A subunit of glutamate-gated Nmethyl-D-aspartate (NMDA) receptors, were identified in up to 20% of patients and families with EAS. [2] [3] [4] Since then, other rare gene and genome variants have been identified in some more patients. Whereas GRIN2A represents the most important cause of EAS disorders identified so far, the underlying pathophysiologic mechanisms remain poorly understood. A subset of EAS may occur in the context of various early brain malformations and insults, such as polymicrogyria (mostly perisylvian) or thalamic lesions. 5 As a matter of fact, the role of the thalamocortical loop in the generation of sleep-related discharges has long been postulated. 6 In turn, the early age of onset in EAS makes it likely that the discharges interfere with brain maturational processes. However, whether GRIN2A genetic defects are actually associated with brain structural alterations remains elusive. Generally, developmental and pathologic processes might influence the microstructural composition and architecture of the affected brain areas. Magnetic resonance (MR) diffusion tensor imaging (DTI) is a 3-dimensional neuroimaging technique based on a Gaussian model of water molecule diffusion. DTI is noninvasive and provides information on brain microstructure and connectivity [7] [8] [9] [10] and hence can be used to characterize modifications in tissue microstructure associated with brain diseases. Besides its clinical use, DTI has also been used in basic research on brain development in rodents [11] [12] [13] [14] and to study animal models for various neurologic disorders. To look for the possible existence of brain microstructural changes associated with EAS-related genetic defects in vivo, we performed longitudinal analysis of MRI coupled with DTI of the brain at different developmental timepoints in genetically engineered mice knocked out for Grin2a. Because patients with GRIN2A pathogenic defects usually display epileptic discharges in childhood, electrical neocortical activity was also recorded in Grin2a KO pups.
| MATERIAL AND METHODS

| Ethical statement
Animal experimentations were performed in accordance with the French legislation and in compliance with the European Communities Council Directives (2010/63/UE). The principles outlined in the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and the Basel declaration (http://www.basel.declaration.org) including the replacement, reduction and refinement (3R) concept have been considered when planning the experiments. All surgical procedures were done under anesthesia, and all efforts were made to reduce suffering. This study was approved under the French department of agriculture and the local veterinary authorities by the Animal Experimentation Ethics Committee n°14 under license n°02308.03. More detailed information on the procedure used to perform magnetic resonance diffusion tensor imaging (MR-DTI) and electroencephalography (EEG) experiments is given as supporting information Appendix S1.
| Genotyping
Genotyping was performed by polymerase chain reaction followed by gel electrophoresis to distinguish between the wild-type (WT), Grin2a −/− , and Grin2a +/− mice using the following combination of primers: 5′-tctggggcctggtcttcaaca attctgtgc, 5′-gcctgcttgccgaatatcatggtggaaaat, and 5′-cccgtt
Key Points
• Transient brain anomalies were seen in mice KO for Grin2a, the epilepsy-aphasia-related gene encoding a subunit of NMDA receptors • Most microstructural abnormalities detected by longitudinal MR-DTI were seen in mice aged 1 month, but neither earlier nor later • Anomalies were detected in the neocortex, the corpus callosum, the hippocampus, and the thalamus of Grin2a KO mice • Grin2a KO mice also exhibited neocortical epileptiform discharges in the third postnatal week agcccgttgagtcacccct. All 3 cohorts were of the same C57BL/ 6N genetic background, were mated and hosted in the same animal facilities, and were submitted to the same experimental procedures. There was no statistically significant difference between the 3 cohorts in sex ratio (Fisher's exact test, 2-tailed: P = 0.26) or in body weights at postnatal days (P) 15, P30, and P56 (P > 0.99 for each, 2-way analysis of variance [ANOVA] test with Tukey post hoc analysis) (Table S1 ).
| EEG recordings and analyses
Local field potential recordings were performed in headrestrained, nonanesthetized mice under analgesia, using 16-site linear silicon probe placed into the somatosensory cortex to trace the columnar activity at all cortical layers. After signal amplification, filtering, and sampling, recordings were analyzed and the raw data preprocessed using the MATLAB software environment (The MathWorks, Natick, Massachusetts) followed and implemented with the experimenter's visual examination to identify and characterize epileptiform discharges. More detailed information is given as supporting information in Appendix S1.
| MR-DTI experiments and data postprocessing
Acquisitions were performed in vivo on a horizontal 7T BRU-KER Biospec MRI system (Bruker Biospin MRI, Ettlingen, Germany) equipped with a set of gradients of 400 mT/m and controlled via Bruker ParaVision 5.1 workstation, as detailed further as supporting information in Appendix S1. Volumetric measurements of the total brains and of 4 different regions of interest (ROIs; cortex, hippocampus, corpus callosum, and thalamus) were obtained at 3 postnatal developmental stages (P15, P30, and P56) as detailed in the supporting information in Appendix S1. Values were expressed in mm 3 , and the relative volume of each ROI was normalized to each corresponding total volume of the brain. Diffusion tensor images were reconstructed and analyzed as described in the supporting information in Appendix S1. The 4 following DTI parameters were quantified: Fractional anisotropy (FA) is a scalar value between 0 (isotropic) and 1 (anisotropic) that describes the degree of anisotropy of diffusion process of water molecules. FA is calculated based on the following formula, where λ i represent the 3 eigenvalues (λ 1, λ 2, λ 3 ) of the diffusion tensor 15 :
Mean diffusivity (MD) takes into account the fact that the diffusion process is complex in biologic tissues and reflects several different mechanisms. 16 MD is an overall measure of diffusion and is the mean of the 3 main eigenvalues:
Axial diffusivity (AD) denotes the extent of diffusion in the direction of maximal diffusivity. In the white matter, this direction is typically parallel to the orientation of the axons. It corresponds to the first eigenvalue:
Radial diffusivity (RD) is defined as the extent of diffusion perpendicular to the direction of maximal diffusivity. This is assumed to include diffusion through the axolemma and myelin, as well as through intracellular and extracellular space perpendicular to the predominant orientation of the axons. RD is calculated from the average of the second and third eigenvalues:
These 3 last diffusion parameters (MD, AD, and RD) are expressed in mm 2 /s.
| Immunohistochemistry, microscopy, and image analysis
Immunohistochemistry experiments were carried out and analyzed as reported previously 17 and as further detailed in the supporting information file ( Figure S2 ).
| Statistics
Data were expressed as means ± standard error of the mean (SEM) unless otherwise stated. Two-way ANOVA test with Tukey post hoc analysis was used for MR-DTI analyses to compare between the Grin2a −/− or Grin2a +/− genotypes and the WT genotype. Bonferroni-corrected significance threshold was set at 0.0125 to take into account multiple testing of the 4 DTI parameters. Fisher's exact test was used to compare the proportions of Grin2a −/− and WT mice with epileptiform discharges, and to verify the lack of differences in sex ratio between the 3 cohorts. Mann-Whitney test, 2-tailed, was used to compare the amounts of myelin basic protein (MBP) in the corpus callosum of Grin2a −/− and WT mice. Kruskal-Wallis test was used to verify the lack of differences in body weights between the 3 cohorts.
| RESULTS
Longitudinal analysis of brain structure by MR-DTI was performed in 3 cohorts of Grin2a homozygous (Grin2a
| 1921 n = 11) and heterozygous (Grin2a +/− ; n = 7) mice and their WT (n = 11) counterparts. Mice were subjected to neuroimaging evaluation at 2 weeks of age (P15), and then at 1 month (P30) and 8 weeks (P56) of age ( Figure 1 ; Figure S1). Hence, each animal was subjected to neuroimaging analyses at 3 successive postnatal developmental stages. A ROI-based strategy was used, and the study focused on 4 different brain areas, which were possibly related with, and/or impacted by, GRIN2A-related disorders and dysfunction: the thalamus, the cerebral cortex, the hippocampus, and the corpus callosum. In each ROI, the 4 classical and aforementioned DTI values (fractional anisotropy [FA] ; MD, AD, and RD: mean, axial, and radial diffusivities, respectively) that informed the magnitude and directionality of water movements within those areas were systematically evaluated on the right and on the left sides of the brain independently. In addition, depth EEG recordings were performed with multisite silicon probes in independent series of mice in the third postnatal week (P16-P20) to test for the presence of abnormal neocortical activities.
| Brain MR-DTI of Grin2a KO mice does not reveal significant changes at P15
MRI volumetry in the cohorts of Grin2a −/− and Grin2a +/− mice did not reveal significant differences with the WT mice in total brain volumes (Table S2) . When the relative volumes of the 4 brain areas of interest were considered, decreased volume of the right cerebral cortex (P = 0.018) in Grin2a +/− mice and of the left corpus callosum (P = 0.022) in Grin2a −/− mice were detected but were not confirmed in the corresponding contralateral areas (Table S3) . Analysis of DTI parameters detected an increased FA on the right side of the cerebral cortex of Grin2a +/− mice (P = 0.009) but this was not statistically confirmed on the left side. None of the other DTI parameters showed any difference in any of the 4 ROIs between either Grin2a −/− or Grin2a +/− mice, or their WT counterparts. Hence at P15, neither the lack of Grin2a nor its haploinsufficiency was associated with any significant brain neuroimaging anomaly (Figures 2-5, Figure S1 , Table S4 ). WT genotype. ***P < 0.00025; **P < 0.0025; *P < 0.0125
| Detection of multiple MR-DTI
anomalies in the cerebral cortex, the corpus callosum, the hippocampus, and the thalamus of Grin2a KO mice at P30
Two weeks later, the same Grin2a −/− mice exhibited numerous microstructural changes in all 4 ROIs as compared with the WT cohort (Figures 2-5 , Figure S1 , Table S4 ). Significant increases of the MD and of the AD were detected in the cerebral cortex on both sides simultaneously (MD: right, P = 0.0003 and left, P < 0.0001; AD: right, P = 0.0001 and left, P < 0.0001), whereas the concomitant increase in the FA did not resist correction for multiple testing (right, P = 0.019 and left, P = 0.035). The increased RD detected in the left cerebral cortex (P = 0.0015) was also seen but was not statistically confirmed after correction on the right side (P = 0.0265). In the corpus callosum, MD, AD, and RD were all increased on both sides (MD: right, P < 0.0001 and left, P < 0.0001; AD: right, P < 0.0001 and left, P < 0.0001; RD: right, P = 0.0012 and left, P = 0.0007), whereas FA was not significantly modified on both sides. In the right and left hippocampi, a significant increase in all 4 DTI parameters was detected (FA: right, P = 0.0001 and left, P = 0.0106; MD: right, P < 0.0001 and left, P < 0.0001; AD: right, P < 0.0001 and left, P < 0.0001; RD: right, P = 0.0015 and left, P = 0.0048). Similarly, FA, MD, and AD were all increased, both in the right (FA, P < 0.0001; MD, P = 0.0011; AD, P = 0.0011) and in the left thalamus (FA, P < 0.0001; MD, P = 0.0028; AD, P = 0.0005). When volumetry was analyzed, a significant decrease in the relative volume of the left (P = 0.0015) and right (P = 0.016) thalamus was detected (Table S3 ). In contrast with all the aforementioned changes that were detected in the homozygous Grin2a −/− mice, Grin2a +/− heterozygous mice did not exhibit significant DTI modifications at P30, and the decreased FA seen on the right and left corpus callosum did not resist statistical correction (P = 0.015 and 0.0324, respectively); however, an increase in the relative volume of the hippocampus was significantly detected in Grin2a +/− mice by MRI analysis on both sides of the brain (right: P = 0.0058; left: P = 0.0009), whereas the increase in the relative volume of the right corpus callosum (P = 0.034) was not confirmed on the left side (Figures 2-5 , Tables S3 and S4 ).
| Most MR-DTI anomalies seen at P30 in
Grin2a KO mice are no longer detected 1 month later MR-DTI analysis was then performed on the same animals 4 weeks later (P56) (Figures 2-5 , Figure S1 , Table S4 ). In contrast with the situation encountered at P30, all DTI values obtained in the cerebral cortex, the hippocampus, and the thalamus were no longer statistically different between either Grin2a −/− or Grin2a +/− mice on the one hand and WT mice on the other hand. Volumetric analysis still revealed an increased volume of the right (P = 0.013) but not of the left hippocampus in Grin2a +/− mice, whereas the decreased relative volume of the thalamus seen at P30 in Grin2a −/− mice was no longer detected at P56. In the corpus callosum, MD, AD, and RD that were all increased at P30 in Grin2a −/− mice, were no longer different at P56; however, Grin2a −/− mice displayed a significant increase of FA on both sides of the corpus callosum (right: P = 0.0012; left: P = 0.009).
Immunohistochemistry experiments performed on brain samples taken from the same mice at the end of the longitudinal MR-DTI analysis did not detect significant quantitative differences in the myelin content of the corpus callosum between Grin2a −/− and WT mice (Figure S2) . Overall, the burst of microstructural anomalies detected in the cerebral cortex, the hippocampus, and the thalamus of Grin2a −/− mice aged 1 month had spontaneously and completely remitted 1 month later, whereas the corpus callosum still showed DTI anomalies, albeit different from those detected at P30.
| Grin2a KO mice exhibit epileptiform discharges
Children with EAS disorders, including those bearing GRIN2A pathogenic defects, exhibit abnormal electroencephalographic discharges that are not necessarily associated with clinical seizures. To the best of our knowledge, no epilepsy has ever been reported in Grin2a KO mice. We reasoned that subclinical events might yet exist in those mice, particularly at the early developmental stages when the immature brain is more excitable and prone to discharges. 18 Hence, we decided to perform neocortical EEG recordings in vivo during the third postnatal week (postnatal days P16-P20) using a 16-channel linear silicon probe ( Figure 6A ). The third postnatal week was investigated notably because it roughly corresponds to 2-3 years of age in humans, 19 when seizures may start in patients with EAS. During the 6 hour recordings of head-restrained, nonanesthetized mice, no abnormal event was ever detected in the WT mice (n = 9). In contrast, epileptiform discharges were detected at least once in 5 of 11 Grin2a
−/− mice (P = 0.0379, Fisher's exact test, 2-tailed) ( Figure 6B ). The discharge recurred once more in 2 of those 5 mice. Those rare epileptiform events had a mean duration of 7.88 ± 2.21 seconds and a mean amplitude of 186.06 ± 11.56 μV and consisted of mixed polyspike-and-waves and sharp waves with 2 major peaks of power spectrum in the δ-θ frequency range (4.43 ± 0.1 Hz) and in the α frequency range (10.37 ± 0.14 Hz), respectively (Figure 6C-F) . Contribution of the δ-θ band in power spectrum during discharges was stronger in the supragranular and infragranular neocortical layers ( Figure 6D,F) , whereas contribution of the α band was stronger in the supragranular and granular neocortical layers ( Figure 6E,F) . Consistently, current source density analyses predominantly detected sinks at depths roughly corresponding to the depths of maximal power of the detected epileptiform events ( Figure 6G-J) .
F I G U R E 6 Spontaneous epileptiform discharges in Grin2a
−/− mice. Local field potential (LFP) recordings were performed from the somatosensory cortices of head-restrained Grin2a −/− mice aged P16 to P20. Epileptiform discharges were detected in 5 of 11 Grin2a −/− mice at different neocortical depths. No epileptiform discharge was detected in WT mice (n = 9) (P = 0.0379, Fisher's exact test, 2-tailed). A, Experimental setup using 16-channel silicon probe recordings from the somatosensory cortex in a Grin2a −/− mouse. The upper channel corresponds to the superficial intracortical electrode placed at 100 μm from the pia. Hoechst staining was used to distinguish between the supragranular (SGr), granular (Gr), and infragranular (IGr) neocortical layers. DiI staining was used to visualize the position of the silicon probe. B, Epileptiform discharge (red line) recorded in a Grin2a −/− mouse at the depths as indicated on the left side of each corresponding trace. C, Time-frequency spectrogram of the epileptiform discharge shown in (B) at depth 100 μm from pia. a.u., arbitrary units. D,E, Color-coded maps of the mean power spectrum of the epileptiform discharges detected in Grin2a −/− mice throughout the neocortical depth. D, Contribution of the δ-θ frequency band (2-6 Hz) in power spectrum during discharges was stronger in the supragranular and infragranular neocortical layers. E, Contribution of the α frequency band (8-15 Hz) was stronger in the supragranular and granular neocortical layers. F, Distribution of mean power spectral density of the epileptiform discharges detected in Grin2a −/− mice showed 2 major peaks in the δ-θ (4.43 ± 0.1 Hz) and α (10.37 ± 0.14 Hz) frequency bands, at depths corresponding to the supragranular (200 μm), granular (600 μm), and infragranular (1100 μm) layers, respectively. G,I, Color-coded maps of current-source density (CSD) of epileptiform discharges detected in 2 different Grin2a −/− mice throughout the neocortical depth. H,J, Averaged population spikes at different cortical depths (black traces) superimposed with the corresponding CSD maps of the epileptiform discharges shown in (G) and (I), respectively 4 | DISCUSSION GRIN2A genetic defects cause EAS disorders in humans.
In this study, we have used longitudinal MR-DTI analysis and depth EEG recordings in vivo to show that the KO of the murine Grin2a gene, encoding the GluN2A subunit of NMDA receptors, is associated with microstructural and functional alterations in brain areas of interest with respect to the corresponding human pathology. Longitudinal imaging studies are particularly useful in the context of developmental and pathologic age-dependent processes but are usually expensive and not easy to perform in human patients. Likewise, local field potential recordings to trace the columnar activity at all cortical layers are difficult or even impossible in human patients. Relevant animal models such as the one studied here can thus be helpful to study the structural and functional changes that occur in the course of EAS disorders.
Interpretation of the DTI changes that were observed is inherently difficult. DTI analysis shows high sensitivity but low specificity. Whereas reduced FA has been frequently detected in a broad range of brain disorders, increases in FA as seen here have been reported more rarely. In the thalamus particularly, which is a fiber-rich structure, increased FA was observed in paroxysmal kinesigenic dyskinesia, 20 presymptomatic Alzheimer's disease, 21 childhood absence epilepsy, 22 or photosensitive juvenile myoclonic epilepsy 23 ;
this pattern of increased FA could be due to a selective degeneration of white matter fibers, whereas the decreased volume of the thalamus and the accompanying increased mean diffusivity seen at P30 are compatible with decreased cell number in the thalamocortical system. FA changes seen at P56 in the corpus callosum of Grin2a KO mice were apparently not due to increased myelination of white fibers, although we cannot exclude that subtle changes in axon myelination might have escaped detection from immunohistochemistry experiments, especially given that the relative FA increased by about 5% on average in Grin2a KO mice at P56 (Table S4) . Moreover, FA depends only partly on axon myelination, 24 and other processes such as cytotoxic edema, 25 organization of reactive astrocytes, 26 or changes in axonal membranes 27 might play more major or additive roles in the modification of anisotropic diffusion. Whereas decreased axonal density would cause the increase in axial diffusivity seen at P30 in all 4 regions of interest, the concomitant increases of several DTI parameters seen at P30 were likely caused by multiple and intertwined events such as altered myelination, axonal or cell loss, gliosis, and inflammation. Not exclusively and as fractional anisotropy and diffusivity follow age-dependent trajectories, 28 as also seen in our WT mice, the transient modifications seen in the Grin2a KO mice might reflect altered maturation of the brain regions studied here.
It has indeed long been postulated that EAS disorders result from an underlying abnormality of brain maturation. It should also be mentioned that for each neuroimaging parameter, only those changes that were found different between WT and KO mice with statistical significance on both the right and the left sides of a given ROI were considered. By using this very stringent procedure, some data of biologic significance might have been excluded; indeed, asymmetrical functioning of murine brain areas has already been demonstrated, including long-term potentiation in the hippocampal CA1 area of Grin2a KO mice. 29 Whereas dramatic brain malformations including neocortical and thalamic abnormalities have been detected by neuroimaging in patients with so-called "symptomatic" CSWSS, no macrostructural anomaly was usually detected by MRI in patients carrying GRIN2A mutations. 2, 4, 30 However, more subtle and transient anomalies might exist, as suggested by the present study. Indeed, microstructural neuroimaging anomalies of white matter were found by DTI in patients with RE-hence at the benign end of EAS. 31 Although GRIN2A pathogenic variants are mostly found in the more severe LKS and CSWSS patients, 4, 32 their existence in some of the RE patients with DTI anomalies mentioned just above cannot be excluded. Of interest also, the decrease in the relative volume of the thalamus seen here at P30 recalls the smaller thalamic volumes recently reported in human patients with polymicrogyria and continuous spike and waves during sleep.
5
It is important to note that most MR-DTI alterations detected here were only seen at a specific developmental time window when mice were aged 1 month (P30). Disorders of the EAS that can be caused by defects of the human GRIN2A gene include a range of clinical manifestations that are also age-limited. It is tempting to speculate that the transient burst of MR-DTI anomalies detected here in Grin2a KO mice at P30, somehow parallels the evolving presentation of EAS disorders in human. Precise temporal comparison of brain development and maturation between rodents and human has always been challenging and somehow controversial; indeed, different conclusions might be drawn depending on which developmental criteria are used, such as neuroanatomical and electrophysiologic changes, cell proliferation and migration, synaptogenesis, myelination, or age-dependent behaviors. This being kept in mind, the 4-to 11-year-old period in humans broadly corresponds to P25-P35 in rodents, 19 and, based on the developmental evolution of MR-DTI parameters in C57Bl/6 mice, adolescence might last until 3 months of age in such mice. 28 Hence, the developmental stage (P30) when most MR-DTI anomalies were seen here in Grin2a KO mice recalls the time period of EAS disorders, with an onset between 2 and 12 years old. 1 Of interest, GluN2A expression is dynamically regulated during brain development and increases
dramatically during the second postnatal week in mice: This may well be linked with the age-dependence characteristics of the anomalies seen here and in the patients. Grin2a genetic defect could sustain neocortical hyperexcitability and a delayed maturation of the brain. Not exclusively, it was previously shown that DTI parameters might change over time as a consequence of epileptic activity 33 ;
in patients with RE, abnormal trajectory of brain structural development has indeed been reported in neocortical and subcortical areas over 2 years after onset of disease. 34 As a matter of fact, increased diffusivity as detected in Grin2a KO mice might reflect altered maturation but is also seen classically during interictal periods in patients with focal epilepsy. 35 Whereas no overt epileptic seizure has ever been reported in this Grin2a KO model, our data indicated that those mice displayed epileptiform discharges in the third postnatal week, hence before the structural anomalies were detected. Conversely, the transient modifications in the microstructure of the brain areas are likely to impact on their maturation and functioning and to influence the presentation of the epileptic, cognitive, and behavioral Grin2a-related phenotypes. As an example, the transient thalamic anomalies might impact on the maturation of the thalamocortical circuitry and of slow-wave sleep notably. Of interest, experience-dependent maturation of slow-wave sleep in the mouse was shown to be Grin2a-dependent during a late critical period starting at P30, 36 when the transient anomalies were detected in the present study. Thalamic anomalies might also favor the generation of epileptic activity. Hence, thalamic DTI anomalies have already been reported in absence seizures 22, 37 and in temporal lobe epilepsy. 38, 39 Functional thalamic abnormalities were also found in patients with CSWSS. 40 Similarly, changes in the hippocampus and in the corpus callosum might have long-term influence on cognitive abilities; as a matter of fact, adult Grin2a KO mice show impaired spatial memory. 41 In patients with Rolandic epilepsy, DTI anomalies of the white matter correlated with duration of epilepsy and with cognitive disturbances. 31 Power spectral analysis of local field potential revealed increased contribution of oscillations in the delta/theta and spindle frequency ranges. Of interest, both delta and spindling activities are elements of non-REM (rapid eye movement) sleep. In children with EAS, the activation of interictal epileptiform discharges in sleep has been associated with the occurrence of spindles, 42 and it was proposed that the thalamocortical circuitry that generates spindles might be hijacked to generate spike and wave discharges. 43 Consistently, power spectrum and current source density analyses indicated the possible involvement of the granular neocortical layer that receives afferent connections from the thalamus. In addition, our data indicated the participation of supragranular and infragranular layers, hence suggesting an alternative and nonexclusive intracortical mechanism where epileptiform activity would propagate through horizontal pathways, as proposed previously. 44, 45 Whatever their mechanism(s), discharges were rarely detected-and not in all KO pups. In patients with EAS disorders, discharges occur mostly during slow-wave sleep; ongoing analyses will determine if the increased and abnormal neocortical activity seen in Grin2a KO mice would be related with selective stages of the sleep-wake cycle, and with slow-wave sleep notably, and whether it would persist in later stages. Regardless of their underlying origin, microstructural anomalies generated in the context of GRIN2A defects could represent possible biomarkers to predict the severity, the comorbidity, and the outcome of EAS disorders. Generally, our data indicate that the Grin2a KO mice displayed epileptiform discharges and age-dependent structural anomalies, and might be useful as an animal model to study the pathophysiology of EAS disorders and ultimately to design new therapeutic tools.
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